Background: Transforming growth factor b1 (TGFb1) signaling pathway is crucial for both human fibrogenesis and tumorigenesis.
Introduction
Long-term treatment of Parkinson's disease with the dopamine agonists (DAs) pergolide and cabergoline has been established to be associated with a significantly increased risk of developing fibrotic valvular heart disease (FVHD) (1, 2, 3, 4) . The process is triggered by the activation of the serotonin receptors (5HT 2b ), which are highly expressed in cardiac valves (5, 6, 7) . Cabergoline, which possesses a complete 5HT 2b agonistic activity, is the drug of choice in the treatment of prolactinomas, but the results of observational studies investigating the risk of FVHD in these patients are still controversial. Some of them have reported no relevant findings (8, 9, 10, 11, 12) , five trials have observed clinically insignificant valvular changes (13, 14, 15, 16, 17) , and only one study has reported an increased prevalence of moderate tricuspid regurgitation with a cumulative dose-dependent risk (18) . Published data on the potential profibrotic effect of bromocriptine, a partial 5HT 2b agonist, are exclusively limited (19) . Although there are numerous case reports in the literature, only a few studies have been dedicated to this topic (13, 17, 20, 21) . As drug-induced valvulopathy in Parkinsonian patients has been shown to be a cumulative dosedependent process, for potentially at-risk groups, not only patients receiving high daily doses, but also those on low-dose long-term treatment, such as patients with invasive macroprolactinomas who are often on lifelong therapy, should be considered. In this context, the discovery of reliable circulating invasive markers for fibrosis would help in the early identification of asymptomatic subjects at an increased risk of developing FVHD.
Transforming growth factor b1 (TGFb1 (TGFB1)) signaling pathway is crucial for both human fibrogenesis and tumorigenesis (22, 23, 24) . TGFb1 is a profibrotic cytokine with a strong stimulatory effect on the synthesis of collagen and differentiation of cardiac fibroblasts into myofibroblasts, the main function of which is the overproduction of matrix proteins (25, 26, 27, 28) . The final outcomes are fibrosis, thickness, and calcification of the valvular cusps and eventually valvular regurgitation. Fetuin A is a glycoprotein acting as a potent inhibitor of the endogenous calcification process, the circulating levels of which have been shown to be decreased in patients with rheumatic valvular lesions, diabetes, and coronary disease, with calcifications of the mitral and aortic valves in comparison with healthy subjects (29, 30, 31) . To date, there are no published data on the circulatory levels of TGFb1 and Fetuin A in subjects with drug-induced fibrotic valvulopathy.
In tumorigenesis, TGFb1 exerts both tumor suppressor (in the early stage of premalignant cells) and tumor promoter (enchancer of tumor progression, invasion, and metastasis in advanced stages of carcinogenesis) actions (23) . Overexpression of TGFb1 has been demonstrated in many human tumors (e.g. melanoma, breast, prostatic, renal, gastrointestinal, ovarian, cervical, hematological, and brain tumors), in some of which circulatory levels of TGFb1 have been shown to correlate with poor prognosis (32, 33, 34, 35) . Recent studies have supported the critical role of activin/TGFb signaling pathways in pituitary tumorigenesis and, particularly, in prolactinoma formation, although the underlying molecular mechanisms remain to be resolved completely (36, 37) .
Subjects and methods

Study design
This observational case-control study was conducted after obtaining approval from the Committee on Research Ethics at the Medical University, Sofia. Eligible subjects were recruited from the participants of our previous study investigating the prevalence of FVHD in patients on long-term cabergoline or bromocriptine treatment (17) . From 338 subjects who participated in that study, 147 were enrolled. The high dropout rate was a result of the strict additional exclusion criteria introduced in order to avoid the possible influence of some factors on the circulatory levels of the investigated markers. The primary objective was to compare the circulating levels of TGFb1, matrix metalloproteinase 2 (MMP2), and Fetuin A as markers for fibrosis and/or calcification between DA-treated prolactinoma patients with proven FVHD (group A; nZ30) and three control groups with normal echocardiograms: DA-treated patients (group B; nZ43), medically naïve patients (group C; nZ26), and healthy subjects (group D; nZ48). The secondary objective was to investigate the possible relationship between TGFb1 and MMP2 levels and the invasiveness of prolactin (PRL)-secreting tumors.
Inclusion criteria
The inclusion criteria of the study were as follows: for groups A and B, patients with prolactinomas treated with one DA (cabergoline or bromocriptine) for at least 12 months; for group C, medically naïve patients with prolactinomas; and for group D, healthy controls frequency matched to groups A and B for age, sex, and obesity.
Exclusion criteria
The exclusion criteria of the study were as follows: for all groups: i) cardiovascular diseases: arterial hypertension; ischemic heart disease; and history of myocarditis, pericarditis, and any previous or concomitant cardiac disease with a substantial risk of heart damage; ii) pulmonary diseases: chronic obstructive pulmonary disease, asthma bronchiale, etc.; iii) hepatic diseases: chronic viral and autoimmune hepatitis, cirrhosis, etc.; iv) systemic connective tissue diseases; v) extracardiac fibrosis (pleuropulmonary, retroperitoneal, hepatic, etc.); vi) use of drugs with potential profibrotic effects on heart valves; vii) diabetes mellitus; viii) documented or suspected inflammatory disease (elevated CRP levels and erythrocyte sedimentation rate, etc.); ix) stroke or ischemic brain disease; x) neoplasms; xi) thrombocytosis; and xii) pregnancy; for groups B, C, and D: valvular fibrosis and regurgitation of any degree.
Study procedures
Study procedures were carried out after the participants and study investigators signed a specific informed consent.
Assay methods
Serum samples were collected at the time of echocardiographic assessment and stored frozen at K80 8C until analysis. The measurement of serum TGFb1, MMP2, and Fetuin A concentrations was based on standard sandwich ELISA using commercial kits of BioVendor (Brno Czech Republic) with analytical sensitivities of 0.0085, !0.05, and 0.104 ng/ml; intra-assay coefficients of variation (CV) of 3.2, 1.9, and 3.6%; and inter-assay CV of 4.9,!10, and 6.3% for each of the above-mentioned kits respectively. Serum TGFb1 and MMP2 levels as potential markers for fibrosis were determined in all four study groups, whereas evaluation of Fetuin A as a factor of calcification was carried out only in patients with fibrotic valvulopathy compared with healthy controls.
Data on patients' history and anthropometric and echocardiographic parameters were obtained from the database of the above-mentioned study. FVHD was defined as fibrosis (with or without calcification) accompanied or not accompanied by regurgitation. Fibrosis was considered present in all cases with increased echogenicity (hyperechogenicity) and thickness of valvular cusps (O3 mm for the mitral valve and O2 mm for the aortic, tricuspid, and pulmonary valves).
Tumor volume was calculated using the formula for an ellipsoid approximation: p/6!(X!Y!Z), where X, Y, and Z are the anteroposterior, vertical, and transverse diameters of the pituitary adenomas on magnetic resonance imaging (MRI). Tumor invasiveness was assessed using the staging system of Sarlis et al. (38) based on MRI (Table 1 ). Cumulative score calculated for each tumor was equal to the sum of three scores: of cavernous and sphenoidal sinus invasion and suprasellar extension.
Statistical analysis
Statistical analysis was carried out using SPSS 17.0 for Windows. Normality of data distribution was assessed using the Kolmogorov-Smirnov test. Metric variables with a Gaussian distribution were described by arithmetic means and S.D. Medians and interquartile ranges were used when data distribution was not normal. Nonmetric variables are presented using relative frequency distribution (%). Testing for equality of means was performed using one-way ANOVA in the case of more than two groups. Multiple post hoc comparisons were made according to the Student-Newman-Keuls approach. Student's t-test was used when comparing two groups. The hypotheses about nonmetric variables were tested using c 2 test. The Kruskal-Wallis and Mann-Whitney U nonparametric tests were used for variables with a non-Gaussian distribution. Pearson's correlation coefficient r and h coefficient were used to determine the relationships between variables. Spearman's correlation coefficient after ranking of TGFb1 values was applied to investigate the relationship between TGFb1 levels and tumor invasiveness. The null hypothesis (of no difference) was rejected if the observed significance (P value) was !0.05 (significance level).
Results
The main clinical characteristics of the study participants are summarized in Table 2 . The investigated groups did not differ by sex distribution, body surface area, and systolic and diastolic blood pressure. All three patient groups had comparable percentages of subjects with invasive prolactinomas, but significantly differed with respect to their tumor volume and PRL levels at the start of the study. Newly diagnosed patients were significantly younger and had higher PRL levels and larger tumors. Cumulative doses of both cabergoline and bromocriptine were nonsignificantly higher in patients with FVHD than in those with intact valves.
The main echocardiographic parameters are given in Table 3 . The Student-Newman-Keuls post hoc analysis revealed a significantly higher left ventricular mass (index) in patients with fibrotic valvulopathy than in the healthy subjects (104.1G31.4 vs 97.7G20.7 vs 92.6G18.6 vs 89.6G20.9; PZ0.043). No differences were found in the other echocardiographic parameters. According to the study protocol, all patients in group A had echocardiographically approved valvular fibrosis (74% with monovalvular, 13% with bivalvular, and 13% with trivalvular involvement respectively) accompanied by pathological regurgitations in 30% of the cases. None of the study participants in the other groups had valvular damage and regurgitation of any degree.
Laboratory data are presented in Table 4 . We observed significantly higher serum TGFb1 levels in all three patient groups than in the healthy controls (21.4G8.86 vs 19.1G9.03 vs 20.7G11.5 vs 15.8G 7.2 ng/ml; PZ0.032). MMP2 levels in de novo patients Table 1 Staging system for the assessment of the anatomic relationship of pituitary adenomas with their surrounding structures (38) .
Anatomic structures Grades Points
Cavernous sinus invasion Grade 0: no involvement of internal carotid artery circumference 0 Grade 1: tumor abutting !50% of ICA circumference 1 Grade 2: tumor abutting R50% of ICA circumference The second part of the study included two main analyses: comparisons of TGFb1 and MMP2 levels in patients with macroprolactinomas (nZ28) vs microprolactinomas (nZ71) and invasive (nZ29) vs noninvasive (nZ70) tumors. Invasive macroprolactinomas were approximately ten times more prevalent than invasive microprolactinomas (82.1 vs 8.45%). Serum TGFb1 levels were significantly higher in patients with macroprolactinomas and invasive prolactinomas than in those with microprolactinomas and noninvasive tumors respectively. We found controversial results concerning MMP2 concentrations: a highly significant difference between patients with invasive and noninvasive tumors and comparable levels between those with microprolactinomas and macroprolactinomas (Table 5 ). Moreover, there was no correlation between serum MMP2 levels and invasiveness score (Pearson's coefficient rZK0.249; PZ0.251). By contrast, we observed a strong positive linear relationship between TGFb1 levels and invasiveness score (Spearman's coefficient rZ0.924; P!0.001) and a medium positive linear correlation between TGFb1 levels and tumor volume (Pearson's coefficient rZ0.546; PZ0.002). As the investigated groups differed with respect to their sex ratio, the role of gender as a potential confounding factor was investigated. We did not find a significant difference in TGFb1 levels between male and female healthy controls ( The relationships between PRL and TGFb1 levels and tumor volume and invasiveness in patients with invasive tumors were investigated using bivariate correlation. PRL levels exhibited a better correlation with tumor volume (rZ0.721; P!0.001) than with invasiveness score (rZ0.436; P!0.020), whereas TGFb1 levels seemed to exhibit a stronger correlation with tumor invasiveness (rZ0.924; P!0.001) than with tumor volume (rZ0.546; PZ0.002). The linear regression model was adequate (FZ589.3; P!0.001) and revealed a strong positive linear correlation between both markers and tumor invasiveness (rZ0.989; r 2 Z0.978; adjusted r 2 Z0.977).
Discussion
TGFb1 is a key mediator in the pathophysiology of both tissue fibrosis and tumorigenesis. Drug-induced activation of 5HT 2b receptors in cardiac valves leads to the dissociation of the heterotrimeric G-protein, the Gaq subunit of which activates phospholipase C, protein kinase C cascade, steroid receptor coactivator, and ERKs, resulting in the upregulation of the expression of TGFb1 (39, 40) . TGFb1 increases the production of collagen by a dual mechanism: activation of the collagen type I gene promoter via second messengers (SMAD proteins) and stimulation of the translation of other profibrotic factors such as connective tissue growth factor and MMPs, especially MMP2, which facilitates the motility and migration of cardiac fibroblasts (41, 42, 43) . A strong negative correlation has been found between the increased local expression of TGFb1 and its serum levels, which have been shown to be significantly lower in subjects with advanced coronary atherosclerosis and degenerative mitral and aortic regurgitation in comparison with healthy controls (44, 45, 46) . A similar negative relationship has also been demonstrated for circulating Fetuin A levels in patients with rheumatic valvular lesions as well as subjects with ischemic heart disease and calcifications of the mitral and aortic valves (30, 31) . In contrast to these studies, we did not find any difference in serum Fetuin A levels between long-term DA-treated prolactinoma patients with proven FVHD and healthy controls. Our data concerning MMP2 concentrations were controversial. These results were not unexpected, as fibrosis was limited only to the cardiac valvular apparatus and the percentage of subjects with advanced FVHD in our cohort was extremely low. The analysis of TGFb1, as opposed to those of MMP2 and Fetuin A, revealed interesting results. On the one side, there was no significant difference in the serum levels between DA-treated patients with FVHD and control groups of DA-treated and medically naïve patients with normal echocardiograms. Moreover, their levels were significantly higher than those in the control group of healthy subjects, although we tried to exclude all factors with possible influence such as atherosclerotic, inflammatory, neoplastic, allergic, and connective tissue diseases; diabetes mellitus; etc. (47, 48, 49, 50) . Possible impacts of age and gender as well as DA treatment as confounding factors were also eliminated. These results suggested not fibrosis-associated elevation, but tumorrelated elevation in circulating TGFb1 levels. In support of such a hypothesis were the highly significant difference in serum TGFb1 concentrations between patients with invasive and noninvasive prolactinomas and the almost perfect positive linear correlation (rZ 0.924; P!0.001) between TGFb1 levels and the degree of tumor invasion. Markedly higher TGFb1 levels were also found in patients with macroprolactinomas vs those with microprolactinomas. Nevertheless, the relationship between TGFb1 levels and tumor volume was found to be positive, but not so strong from a statistical point of view, probably as a result of the errors associated with the use of a geometric approximation model for the calculation of tumor volume. Our results are entirely consistent with the evidence provided by recent in vitro studies in favor of the crucial role of TGFb1 signaling pathway in the regulation of lactotroph cell proliferation, PRL gene expression and pituitary tumorigenesis (36, 51, 52) . Furthermore, one new immunohistochemical study has demonstrated a significantly higher percentage of TGFb1 positivity in patients with invasive prolactinomas than in those with noninvasive prolactinomas (53) . Although the term 'aggressiveness' should not be used synonymously with 'invasiveness' concerning prolactinomas, almost all aggressive tumors are invasive. Detailed histological subtyping has been established to be the best independent predictor of aggressive behavior, but FGFR4, MMP, PTTG, Ki-67, p53, and deletions in chromosome 1 may serve as additional markers (54) . Predominantly conservative management of PRL-secreting adenomas, however, determines the need for reliable noninvasive markers. To the best of our knowledge, this is the first study to provide evidence that TGFb1 may represent a useful serum marker for invasiveness in patients with prolactinomas. It is important to note that a lot of factors influencing the levels of this cytokine should be excluded before analysis to ensure that its informative value is not reduced. The strict observance of all these exclusion criteria resulted in relatively small sample sizes of the investigated groups, and it represents the main limitation of the study. In spite of the exclusion of all factors with a possible impact on TGFb1 and use of appropriate statistical methods, we could not completely eliminate sample selection bias due to the recruitment model designed to correspond best to the primary objective of the study.
Conclusions
In contrast to all other types of hormone-secreting pituitary tumors, for prolactinomas, long-term conservative management with DAs is the treatment of choice and indications for neurosurgery are exclusively restricted. In patients with invasive macroprolactinomas, this treatment is usually lifelong. Consequently, clinicians need reliable noninvasive markers for valvular fibrosis as well as tumor invasiveness, which are two strong determinants of treatment planning and prognosis. Our results demonstrate that TGFb1 and MMP2 cannot be used as circulating markers for valvular fibrosis and Fetuin A is not a reliable marker for calcification in subjects on long-term DA treatment. On the other hand, TGFb1 may represent a useful serum marker for invasiveness in patients with prolactinomas. The simultaneous determination of serum TGFb1 and PRL levels could improve the noninvasive assessment of prolactinoma behavior.
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